A freshwater Pseudomonas sp. was grown in continuous culture under steadystate conditions in L-lactate-, succinate-, glucose-or ammonium-limited media.
a given D in any of the carbon-limited media possessed very similar levels of NAD(H). Therefore, under these conditions, cellular NAD(H) was only a function of the culture D and was independent of the nature of the culture carbon source. D had no influence on the NAD(H) content of cells grown under ammonium limitation. In contrast, cellular NADH concentration was not influenced by D in carbon-or ammonium-limited media. In L-lactate-limited medium, bacteria possessed 0-14,umol NADH/g dry wt; very similar levels were found in organisms grown in the other media. The results are consistent with those of Wimpenny & Firth (1972) that bacteria rigidly maintain a constant NADH level rather than a constant NADH : NAD ratio. NADP(H) (i.e. NADP + NADPH) and NADPH levels were also not influenced by changes in the culture carbon source or in D ; in L-lactate-limited medium these concentrations were 0.97 and 0'53 ,umol/g cell dry wt, respectively. The NADPH:NADP(H) ratio was much higher than the NADH : NAD(H) ratio, averaging 55 % in carbon-limited cells.
I N T R O D U C T I O N
Nicotinamide nucleotides occupy a central place in the energy transforming and oxidation-reduction reactions of a cell and probably play an important part in their regulation. The indispensable nature of these cofactors to various pathways indicates their potential importance in biological control, and there is substantial evidence that these cofactors (Sanwal, 1970) or the ratio between their reduced and oxidized forms (Barnes, McGuire & Atkinson, 1972; Dionisi et al., 1973; Pina et al., 1973) act as allosteric effectors in modulating enzyme activities.
Direct measurements of intracellular NAD(P) and NAD(P)H concentrations and ratios have revealed some striking constants. Throughout a threefold change in the total nicotinamide nucleotide content of Neurospora crassa, the NAD : NADP ratio remained approximately 7, the NADH : NAD(H): ratio] approximately 0.35, and NADPH : NADP(H) ratio approximately 0.65 (Brody, 1972) ; and although the total nicotinamide nucleotide content of two cell lines of mouse fibroblasts was significantly different, their NADH : NAD
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A. M A T I N A N D J. C. GOTTSCHAL ratios were very similar (Schwartz et al., 1974) . Studies with bacteria also suggest that their NAD : NADP ratios might be rigidly controlled. A 50 % increase in the intracellular nucleotide pool in Esclzerichia cofi, attained by an increase in medium niacin concentration, did not alter this ratio, which remained at 3 : I (McLaren, Ngo & Olivera, 1973) , and three E. coli strains which differed in their total nicotinamide nucleotide content possessed similar NAD : NADP ratios (Manlapaz-Fernandez & Olivera, 1973) . However, bacteria seem to differ from eukaryotic organisms in that a constant NADH level rather than a constant NADH : NAD ratio was maintained in three bacteria under different growth conditions (Wimpenny & Firth, 1972) .
In studies on the effect of dilution rate, i.e. specific growth rate, on various aspects of bacterial physiology (Matin, Grootjans & Hogenhuis, 1976) , the total NAD concentration of a Pseudomonns sp. increased considerably as D decreased. Unlike the situation in batch culture, this change occurred under precisely defined steady-state conditions and therefore afforded a more suitable system for investigating the relationship between the concentrations of various forms of nicotinamide cofactors. We have also examined the effect of qualitative changes in bacterial environment on these concentrations with bacteria grown in continuous culture under different limitations.
METHODS
Culture conditions. The Pseudomonas sp., and the mineral salts base for carbon-limited media, were as described by Matin et ai. (1976) . This base was supplemented with (g 1-I) : L-lactate, I -8 ; sodium succinate, 2.2; or glucose, I -5. The ammonium-limited medium (carbon source, L-lactate), maintenance of stock cultures and method of continuous cultivation were as described by Matin et al. (1976) , except that a chemostat vessel of 200 ml working volume was used.
Nicotinamide nucieotide extraction and assay. A minimum bacterial culture density of 200 pg dry wt/ml was required for satisfactory measurement of nucleotide concentrations. The procedure was similar to that of Wimpenny & Firth (1972) . Test tubes (internal diameter, 2 cm) containing 2 -5 ml of either 0.77 M-HCl, for NAD and NADP, or 0.77 M-NaOH, for NADH and NADPH, were connected to the sampling port of the chemostat and I 5 ml of steady-state culture was collected by air pressure. Vigorous shaking ensured a thorough and rapid mixing of the culture with the acid or base. The tubes were then placed in a water bath at 50 "C for exactly 12 min, cooled to o "C and neutralized by slow addition (accompanied by shaking) of 2 3 ml of either 0.77 M-NaOH or 0.77 M-HCl, supplemented with Tris-maleate buffer, pH 76, to a concentration of o-I I M. The extracts were centrifuged (30000 g; I 5 min ; 4 "C), and assayed immediately.
Cofactor concentrations were measured by a sensitive fluorescence method (Cartier, 1968; Wimpenny & Firth, 1972) , thus obviating the necessity for concentrating the bacteria which can lead to significant changes in cofactor levels (Wimpenny & Firth, 1972) . The assay mixture contained (in pl): 0.2 M-Tris-maleate buffer, pH 7.6, 150; resazurin (2 mM stock solution diluted 10 times with water before use), 150; dipyridyl solution (0.1 g dipyridyl/Ioo ml ethanol, diluted 10 times with water before use), 50; ethanol (for NAD(H) assay) or I : ( glucose 6-phosphate (for NADP(H) assay), 150; 0.6 % phenazine ethosulphate, I 50: alcohol dehydrogenase (EC. I . I . I . I ; 500 units/ml solution) or glucose 6-phosphate dehydrogenase (EC. I. I . I .49; 35 units/ml solution), 25; and extract plus water to 3 ml.
The rate of increase in fluorescence was recorded using a Perkin-Elmer fluorescence spectrophotometer (type 204), connected to a Servogar (model RE 51 I) recorder. The mono- chromator settings were 560 nm for incidence and 580 nm for excitation light. Background increase in fluorescence, measured in the absence of extract, was negligible. Cofactor concentrations were measured by adding internal standards of NAD(H) (50 to 200 pmol) or NADP(H) (15 to 75 pmol) after the increase in fluorescence caused by the extract had been recorded. Figure I illustrates a typical measurement. Each experimental value in this paper represents an average of measurements on two independently prepared extracts ; variation in different extracts for a given value was usually within 10 %, and never more than 15 %.
NA D(P) and NAD(P)H concentrations and ratios
The method of extraction employed assumes the bacterial cell to be a single compartment and does not distinguish between free and bound forms of the cofactors. Nevertheless, there is evidence (Hoek & Tager, 1973; Marshall & Omachi, 1974 ) that such measurements can give reasonable approximations of metabolically active pool sizes of nicotinamide nucleotides.
Controls. The effect of different concentrations of acid and base on the extraction of the cofactors was investigated. Increasing the final HC1 concentration in the mixture to 0.25 M did not influence the amount of NAD and NADP extracted from the bacteria, which agrees with the findings of London & Knight (1966) . Similarly, increasing the final NaOH concentration to I M had no influence on NADH and NADPH extracted ( Table I) . Wimpenny & Firth (1972) used a final concentration of I M-NaOH in their extractions, but we preferred o-I I M as it was lower and gave comparable results. To determine if compounds in the bacterial extracts influenced cofactor measurements, known amounts of the different cofactors were added to culture samples and passed through the complete extraction and assay procedure. The recovery was 92 to 1 1 0 % (Table 2) indicating that the compounds in the extracts did not affect cofactor measurements. It was therefore not necessary to convert NADH into NAD before assay, as was done by Wimpenny & Firth (1972) . Similar experiments showed that alkaline and acid extractions destroyed 90 to roo% of oxidized and reduced cofactors, respectively. A steady-state culture of Pseudomonas sp. was sampled, extracted and analysed, as described in Methods, either directly or after addition to the sample tubes of I 500 pmol ml-I of the specified cofactor.
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Concentration (pmol ml-l)
A
Recovery
Cofactor
Culture Culture+ addition As cofactor concentrations were measured o n bacteria plus culture fluid, it was necessary to check if any excreted cofactors in the latter influenced the measurements. For every culture sample analysed, a parallel sample was filtered (filter pore size, 0.22 pm) and the culture fluid extracted and assayed as described. In all instances, the concentration of the cofactors in the culture fluid was negligible.
Chemicals. Alcohol dehydrogenase (code ADHL) was purchased from Worthington Biochemical Corporation, Freehold, New Jersey 07728, U.S.A. ; glucose 6-phosphate dehydrogenase (Grade I ) from Boehringer, Mannheim, Germany; and other special chemicals from Sigma. 
R E S U L T S
Carbon limitation
The influence of D on NAD(H) concentration in Pseudomonas sp. grown in continuous culture in L-lactate-, succinate-or glucose-limited media is presented in Fig. 2(a) . At D values close to the maximum specific growth rate of the organism in different media, this concentration ranged between 1.5 and 2-5 pmol/g cell dry wt. As D was decreased in any of the media, the concentration increased, until at 0-02 to 0.03 h-l, bacteria contained 6.6 to 7-1 pmol cofactor/g dry wt (fivefold increase). Bacteria grown at a given D under limitation of any of the carbon sources possessed similar levels of NAD(H). When these data were replotted on a semilogarithmic scale (Fig. 2b) , the experimental points clustered around a straight line. Thus, in carbon-limited media, the increase in NAD(H) concentration with decreasing dilution rate appears to be exponential, doubling for each reduction in D of approximately 0.28 h-l. The effect of D on the concentration and ratios of other nicotinamide cofactors in bacteria grown in L-lactate-limited medium is presented in Table 3 . NADH, NADP(H) and NADPH concentrations of the bacteria did not change significantly in response to change in D and were, on average, 0.14, 0.97 and 0-53 pmol/g dry wt, respectively. The NADH : NAD(H) ratio decreased from approximately 10 to 2 % with decreasing D due to the parallel increase in NAD concentration, already described (Fig. 2) 
NA D(P) and NA D(P)H concentrations and ratios
Ammonium limitation
In carbon-limited media, the NADH concentration of cells remained almost the same throughout a fivefold change in total NAD concentration. This is in agreement with the finding of Wimpenny & Firth (1972) that bacteria grown under different conditions rigidly maintain a constant NADH level. In this connexion, a comparison of cofactor concentrations between bacteria grown in carbon-limited and ammonium-limited media was of interest since the latter grow with an excess of carbon source and could therefore be expected to possess higher levels of reduced cofactors. The NAD(H) content of the bacteria was not influenced by D in ammonium-limited medium and averaged 3.7 pmollg dry wt ( Table 6 ). NADH and NADP(H) levels were also uninfluenced by D in this medium. The NADH content of bacteria grown under ammonium limitation was similar to that of bacteria grown under carbon limitation (an average of 0.19 against 0.14 ,umol/g dry wt for L-lactatelimited organisms). The NADP(H) content of the organisms grown under each limitation was also similar, but the NADPH concentration and the NADPH : NADP(H) ratio appeared to be somewhat higher in the organisms grown under ammonium limitation. This difference could be due to differences between continuous and batch modes of cultivation. Our results relate to conditions of carbon limitation whereas, in batch cultures, growth occurs mostly in the presence of an excess of nutrients. Moreover, changes in the carbon source of batch cultures often lead to significant changes in specific growth rate and it is conceivable that the alteration in cellular cofactor concentrations found by these workers resulted not from change in the carbon source per se but concomitant change in specific growth rate.
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NAD(P) and NAD(P)H concentrations and ratios
It is not known whether bound or free. forms of NAD accounted for the increase in the cofactor concentration with decreasing D . Matin et al. (1976) found a parallel increase in an NAD-linked dehydrogenase (L-lactate dehydrogenase) in the same Pseudomonas sp. and NAD bound to this, and perhaps other enzymes, could account for the increase. There is, however, no necessary correlation between the two phenomena since the specific activities of two NADP-linked enzymes (glucose 6-phosphate and isocitrate dehydrogenases) increased with decreasing D (Matin et al., 1976 ), yet no parallel increase in cellular NADP concentration was found.
In contrast to NAD, NADH concentration in the bacteria did not change in response to changes in the nutritional environment of the culture. The different nutritional environments tested included ammonium-limited medium in which bacteria grew in the presence of an excess of carbon source and might therefore have been expected to possess higher levels of this cofactor. It appears therefore that bacteria tend to maintain a constant NADH level and only the concentration of the oxidized form of this cofactor changes in different growth environments. Similar findings in three facultatively aerobic bacteria led Wimpenny &
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Firth ( I 972) to suggest that regulation of oxidation-reduction pathways in bacteria may be geared to maintenance of a constant NADH pool size rather than a constant NADH : N A D ratio. Our results with an obligately aerobic bacterium are consistent with this suggestion.
The need to maintain a constant NADH pool size could account for the observed increase in NAD concentration with decreasing D in bacteria grown in carbon-limited medium. As has been emphasized by Matin ez al. (1976) , with decreasing D, such bacteria can be expected to have progressively lower concentrations of intracellular metabolites including those whose oxidation by NAD-linked dehydrogenases serves as the source of NADH. A concomitant increase in oxidized NAD cofactor level would tend to compensate for this lowered concentration and thereby help maintain a constant NADH pool size. This interpretation is supported by the observation that bacteria grown under ammonium limitation, which can be expected to possess an excess of carbon metabolites at all D values, do not exhibit an increase in NAD concentration with decreasing D.
In maintaining a constant NADH level rather than a constant NADH : NAD ratio bacteria differ from eukaryotic organisms in which maintenance of a constant ratio appears to be more important. Our results do not support the reports that the NAD : NADP ratio remains constant in different growth environments (Brody, 1972; McLaren et al., 1973 ;  Manlapaz-Fernandez & Olivera, I 973) : in our bacterium this ratio changed considerably in response to conditions which altered the total NAD concentration.
A rigid control of cellular NADP and NADPH concentrations at constant levels in different growth environments is also suggested by our data. However, the NADPH concentration appeared to be somewhat higher in bacteria grown under ammonium limitation than in those grown under carbon limitation and it may be that constant levels of this cofactor are less critical for regulation of bacterial metabolism than those of NADH.
